The effects of territoriality on population density in the Japanese serow (Capricornis crispus) were investigated in Japan during 24 years, 1976-2000, on individually identified animals. Adult males and females defended intrasexual territories throughout the year. Few adults held no territory. The mean annual replacement rate of territories was 8.5% for females and 8.0% for males. The mating unit consisted of a monogamous pair (in 71.3% of units) and the polygynous unit (1 male with 2 females 25.0%; 1 male with 3 females 3.8%). The mean sex ratio (adult females : adult males) was 1:0.70. The mean ratio of adult females to offspring was 1:0.83. The population density was stable (mean Ϯ SD; 14.2 Ϯ 2.5/km 2 ) through the study period. Adult density was negatively correlated with territory size in both sexes. We suggest that food availability controls adult density in the Japanese serow by influencing territory size.
Although territoriality is essential for ensuring resources such as food and mates for individuals or groups, population regulation is likely to result from the social system (Brown 1969; Davies 1978; MaynardSmith 1974) . Territoriality could have a strong influence on the stability or regulation of population density in social systems where monogamous pairs maintain an entire home range as territory, as in bird species such as the red grouse (Lagopus lagopus- Jenkins et al. 1963 ) and tawny owl (Strix aluco-Hirons 1985; Southern 1970) . But few studies have focused on relationships between territoriality and population density in mammals, the exceptions being several reports in rodents (Bujalska 1970; Jones 1990 ), partly because Ͻ3% of mammalian species show monogamy (Kleiman 1977) . Furthermore, territoriality shown over a limited time span or by 1 sex has * Correspondent: ochiai@chiba-muse.or.jp not been implicated as an important factor regulating an entire population. For instance, in a population of waterbuck (Kobus defassa), which has a polygamous social system, only the number of adult males that could participate in reproduction was restricted by territorial behaviors (Spinage 1974) . There have been no reports that territoriality stabilizes or regulates population density in large mammals.
The Japanese serow (Capricornis crispus) is a solitary ungulate inhabiting forested mountainous areas of Japan. Sexes show little dimorphism, both weighing 30-45 kg (mean: 36.3 kg for 30 males; 38.2 kg for 30 females), with horns 12-16 cm long (mean: 14.5 cm for 30 males; 13.7 cm for 30 females-Department of Veterinary Anatomy, Faculty of Agriculture, Gifu University 1985) . Adult serows of both sexes exhibit intrasexual territoriality in which males and females defend separate territo-ries against same-sex rivals. Monogamous pair bonds maintained over several years are evident in range overlap between 1 male and 1 (sometimes 2) female (Akasaka and Maruyama 1977; Kishimoto and Kawamichi 1996; Ochiai 1983a Ochiai , 1983b . Mean litter size is 1. Young usually follow mothers. Yearlings begin to become independent, but they still remain within the mothers' territories. When they reach 2-4 years old, both sexes leave the natal area to establish their own territories elsewhere (Kishimoto 1987; Ochiai 1983a) .
On the basis of consistent census data, we have found that a serow population maintained a stable density in a stable environment, in which food availability remained fairly constant, for 14 years (Ochiai et al. 1993a ). In contrast, in an unstable environment in which food supply fluctuated significantly, the serow density had also changed (Ochiai et al. 1993b ). These results on the social organization and the censuses imply that food availability should control adult serow density by influencing territory size. If this hypothesis is correct, we would predict a negative correlation between territory size and adult density, because space is finite and larger (or smaller) territories will support fewer (or more) serows, assuming no range expansion. On the other hand, if the hypothesis is not the correct or only explanation for adult population density patterns, an alternative hypothesis might predict that territorial overlap or unoccupied space would be positively correlated with adult density. For the current study, we relied on direct observations of known individuals during 24 years to elucidate the population implications of the intrasexual territorial system of the Japanese serow. The purposes of the study are to investigate territoriality and replacement rate of territories and to examine whether territory size, overlap, and unoccupied space affect adult density.
MATERIALS AND METHODS
The study area (100 ha) was situated in Wakinosawa village (41Њ8ЈN, 140Њ46ЈE) on the Shimokita Peninsula, Aomori Prefecture, northern Japan. The area faces Mutsu Bay on its south and west sides. It ranges in elevation between 0 and 240 m, and slopes are steep (around 25Њ). The study population was part of a larger serow population living in the northern part (1,100 km 2 ) of the Shimokita Peninsula, and immigration and emigration of individuals usually occurred in the study area. The climate belongs to the cool temperate zone; mean annual temperature is 9.3ЊC and mean monthly temperatures range from Ϫ1.8ЊC in February to 21.5ЊC in August. Mean annual precipitation is 1,337 mm at the nearest meteorological station, 4 km east of the study area. The area is covered by 10-100 cm of snow in winter, and snow cover persists for 3 months between late December and March.
In 1976, 75% of the area was covered by mature deciduous broad-leaved forests dominated by Mongolian oak (Quercus mongolica), Japanese beech (Fagus crenata), and Japanese linden (Tilia japonica). Conifer plantations (Japanese cedar-Cryptomeria japonica and Japanese red pine-Pinus densiflora), and natural coniferous forests of hiba arborvitae (Thujopsis dolabrata var. hondae) covered 13% and 7% of the area, respectively. The vegetation composition in the study area remained unchanged during the study period. Japanese serows generally have no predator, and serows inhabiting the study area were not at any risk of predation. Hunting of serows has been completely prohibited for several decades in Aomori Prefecture.
We conducted field observations on 1,051 days from 1976 to 2000. The mean (ϮSD) number of annual field observations was 43.8 Ϯ 24.8 days (n ϭ 24 years). Field observations were conducted most frequently in October (148 days) and least in September (39 days). Serows were directly observed for 2,431 h.
We walked through the study area searching for serows, and then observed the behavior of any serow detected with binoculars (7ϫ, 8ϫ) and a telescope (25ϫ). Serow tracking routes were recorded on a 1:5,000 scale map. Because the serows in the study area were not alarmed by the presence of humans, it was possible to follow about 10-20 m behind them. The duration of 1 observation varied considerably, ranging from momentary sightings to 8 h or more.
We identified 95 serows, all individuals in the study area, by their natural features, including the shape of their horns, scars on the face or ear, FIG. 1.-Distribution of territories of adult Japanese serows in the 4 intensive study periods. Thick and thin lines indicate ranges of females and males, respectively. Each territory holder is indicated by an individual number (M, male; F, female). The study area was divided into 5 subareas (A-E; boundaries shown with broken lines) on the basis of female range distribution. and facial markings. A major clue for the individual identifications was the shape of horns, particularly asymmetry on length and curve between 2 horns. The identities of their mothers were of particular help in identifying young. Each identified serow was given an individual number, such as 5F (female) or 17M (male). The individual numbers are the same as in previous papers (Ochiai 1983a (Ochiai , 1983b . Sex was determined from visible external genitalia. They were classified on the basis of age as young (Ͻ12 months old), yearling (12-23 months old), 2 years old (24-35 months old), and Ն3 years old on the basis of horn development (Kishimoto 1988 ) and continuous observations from infancy. Because both male and female serows become sexually mature between 2 and 3 years of age (Sugimura et al. 1981; Tiba et al. 1988) , adult refers to Ն3 years old. Subadult refers to yearling and 2 years old. Offspring refers to serows (0-4 years old) not yet dispersed.
Because serows defend most of their home range (Kishimoto and Kawamichi 1996; Ochiai 1983b) , lines connecting the outermost observation points were used to represent both the home range and territorial boundaries. Japanese serows are typically monogamous, although polygynous units are also sometimes observed (Kishimoto and Kawamichi 1996; Ochiai 1983a) . In male-female pairs territory of 1 male almost completely overlaps 1 female territory, whereas in polygynous units territory of 1 male overlaps 2, or in rare cases 3, female territories. The mating units were examined each rutting season, from September to November (Ochiai 1983a) , based on range overlap between sexes. Population density and age structure of serows were determined each December, when population density was intermediate to the spring parturition peak and the late winter low. Distribution and annual size of territories were examined intensively during 4 periods, January to December 1980 , and June to May in 1991 -1992 -1995 , and 1998 -1999 . Average annual number of observations in the 4 periods was 17.2 Ϯ 13.2 days (n ϭ 38 individual-years) for each territory holder. For the 4 periods, we analyzed relationships between adult density and 3 territory indices: territory size, extent of territory overlap, and the extent of unoccupied space in the study area. The extent of territory overlap was obtained as ratio of range overlap with a territory holder against neighboring territory holders of the same sex. The extent of unoccupied space was defined for each sex as the ratio of total unoccupied area to the whole study area.
The study area was divided into 5 subareas based on female range boundaries: area A (12 ha), B (17 ha), C (25 ha), D (26 ha), and E (20 ha; see Fig. 1 ). Changes in number of individuals and population structure were examined in areas A-D (80 ha). Values are presented as mean Ϯ 1 SD.
RESULTS
Strict territoriality.-Home ranges of adult serows were generally spaced intrasexually, partially overlapping at the margins (Fig. 1) . We observed 41 encounters between adults and neighboring adults or subadults (Table 1) . Interactions were characterized by intrasexual exclusion and intersexual tolerance. All observed interactions between adult male and neighboring adult female were nonagonistic. In 3 of the 6 interactions, males exhibited sexual behavior. In contrast, 6 encounters between adult females resulted in 4 aggressive chases and 2 resulted in 1-sided retreat. Of 13 encounters between adult males, 10 aggressive chases and 3 one-sided retreats were observed. All aggressive chases were attempts to drive out rivals from the pursuers' home ranges, and aggressive pursuits continued for a distance of at least 30 m and at times for 100 m or more. In 2 cases, chases by adult males continued into the rivals' home range, and a reversal of dominance occurred, i.e., the individual that had been chasing was chased in turn. These observations strongly suggest that aggressive chases were done for territorial defense and that serows maintain strict intrasexual territories. Replacement rate of territory.-We observed 15 female and 11 male territory holders in our study area (Fig. 2) . Establishment of a new territory was observed 16 times: by serows born in the study area (n ϭ 10, 3 males and 7 females), by individuals immigrating from outside the study area (n ϭ 5, 3 males and 2 females), and as reestablishment by a territory holder (n ϭ 1, 1 female). Seventeen occasions of territory loss resulted from disappearance (n ϭ 12, 5 males and 7 females), death (n ϭ 3, 2 males and 1 female), and movement to adjacent areas (n ϭ 2, 2 females). We assume that difficulty we had in finding carcasses in the field inflated category ''disappearance'' at the expense of ''death.'' Female territory holders lost their territories 10 times in a total of 117 observation years, yielding a mean annual territory replacement rate of 8.5%. The mean duration of territory retention was 11.7 years. Male territory holders lost their territories 7 times in 87 observation years, yielding a mean annual replacement rate of 8.0% and a mean duration of territory retention of 12.4 years. There was no significant difference between sexes in territory retention (MannWhitney U-test, n ϭ 24, P ϭ 0.88). The longest periods of territory retention were 18 years by a male (17M), and 17 years by a female (5F).
Mating units.-Of 80 units observed, 57 (71.3%) were pairs, 20 (25.0%) were 1 male with 2 females, and 3 (3.8%) were 1 male with 3 females. The 1 male-3 females unit was observed in 3 successive years. In this case, territory of 1 female (4, 5, and 6 years old) considerably overlapped territories of 2 other adult females (1 of the 2 females was mother of the female of 4-6 years). Mean duration of pair bond was 4.6 Ϯ 2.9 years (n ϭ 25). The mean duration for the pair unit was 3.3 Ϯ 1.4 years (n ϭ 15) and that of the polygynous unit was 2.6 Ϯ 1.9 years (n ϭ 8). There was no significant difference between mating-unit types in mating-unit retention (Mann-Whitney Utest, n ϭ 23, P ϭ 0.16). Change in individuals number.-The number of serows inhabiting the 80-ha study area from 1976 to 1999 varied from 8 to 17 (6-10 territory holders, 1-9 offspring, 0-1 nonterritorial adult; Fig. 3 ). The coefficient of variation for all individuals was 17.9%; that for offspring (51.3%) was larger than that for territory holders (13.3%). Population density remained stable through the study period (14.2 Ϯ 2.5/ km 2 , n ϭ 24 years). On average, 7.6 Ϯ 1.0 territory holders (4.5 Ϯ 0.7 females and 3.1 Ϯ 0.7 males) and 3.6 Ϯ 1.9 offspring (1.7 Ϯ 0.9 young, 1.3 Ϯ 0.9 yearlings, 0.5 Ϯ 0.7 two-yearolds, and 0.1 Ϯ 0.3 three-year-olds) inhabited the 80 ha in Decembers from 1976 to 1999. The mean ratio of territorial adults to nonterritorial ones was 1:0.02 Ϯ 0.05 (n ϭ 24 years). The mean sex ratio of territorial females to territorial males was 1:0.69 Ϯ 0.17 (n ϭ 24 years). The sex ratio of all adults was 1:0.70 Ϯ 0.17 (n ϭ 24 years). The mean ratio of adult females to their offspring was 1:0.83 Ϯ 0.48 (n ϭ 24 years).
Relationships between adult density and territory indices.-Territory size was larger for males (16.6 Ϯ 6.2 ha, n ϭ 16) than for females (10.5 Ϯ 3.6 ha, n ϭ 22; MannWhitney U-test, P ϭ 0.002; Table 2 ). Adult serow density was negatively correlated with territory size in both sexes (r 2 ϭ 0.98, P ϭ 0.01 for females; r 2 ϭ 0.95, P ϭ 0.03 for males). There were no significant rela- tionships between adult serow density and the extent of intrasexual territory overlap among adults (r 2 ϭ 0.02, P ϭ 0.85 for females; r 2 ϭ 0.50, P ϭ 0.29 for males) or between density and percentage of unoccupied space (r 2 ϭ 0.62, P ϭ 0.21 for females; r 2 ϭ 0.56, P ϭ 0.25 for males).
DISCUSSION
In the Japanese serow, territoriality appears to be intrasexual in both sexes (Kishimoto and Kawamichi 1996; Ochiai 1983b) . Offspring in both sexes disperse from natal areas at age 2-4 years (Kishimoto 1987; Ochiai 1983a) . Our results also show that 98% of resident adults were territory holders and that serows maintain strict intrasexual territoriality. The territoriality of serows introduces population-dynamics mechanisms that differ from those of gregarious and nonterritorial ungulates, whose populations are mainly influenced by density-dependent mortality and fertility (reviewed by Fowler 1987) .
On the basis of census data, we previously reported that a Japanese serow population maintained a stable density in a stable habitat over a 14-year period (Ochiai et al. 1993a ). The number of adult serows in an area of Kyushu, southern Japan, also remained stable for several years (Doi et al. 1987) . Our present results, that the serow population density did not fluctuate in a stable habitat, are consistent with these earlier results. In contrast, in another area of the Shimokita Peninsula, serow density increased 3-to 6-fold after clear-cutting and subsequent growth of understory foods but then declined as planted conifers became dominant (Ochiai et al. 1993b ). These results suggest that serow density is influenced by habitat conditions, especially food availability. We found a negative correlation between territory size and adult density, as reported for rodents (Erlinge et al. 1990; Gaines and Johnson 1982; Jones 1990; Saitoh 1991) . We also found that territorial overlap and unoccupied space were not positively correlated with adult density. In carnivores, the resource dispersion hypothesis suggests that dispersion of resources determines territory size, whereas mean richness of resource patches limits group size (Macdonald 1983; Macdonald and Carr 1989) . But, in general, food availability is negatively correlated with home range size (Canova et al. 1994; Eberhard and Ewald 1994; Gorman and Ahmad 1993; Ostfeld 1986) . Individuals receiving supplemental food usually had smaller home ranges in terrestrial vertebrates (reviewed by Boutin 1990) . In fact, food availability in the study area was 151% of that in Asahi, Yamagata Prefecture, northern Japan, where the territory size was 3 times the size of territories in our present study area (Ochiai 2002) . These results support the hypothesis that food availability controls adult density in the Japanese serow by influencing territory size.
The proportion of polygynous males out of territorial males was 28.8% in our study area and 18.6% in Akita Prefecture, northern Japan (Kishimoto and Kawamichi 1996) . These results-that about 20-30% of territorial males was polygynous and the rest monogamous in both of the 2 populations 150 km away-appear to represent invariability in the serow mating system. But if variation of polygynous male proportion is considerable, effects of mating system on serow population dynamics also should be notable.
In our study area, severe winters caused temporary decreases in density, but the effects were offset in a few years (Ochiai et al. 1993a ). Predation was not a factor influencing serow density. Although hunting and disease can affect population density, neither was apparent during our study. Therefore, it was assumed that food availability was the only principal factor affecting serow population dynamics in the study area. Serow density depends not only on the number of adults, but also on offspring. As pointed out in this study, the number of offspring fluctuated, even in a stable habitat. Further studies are needed to understand the effects of food availability on birth rate, mortality of offspring, and population density in the Japanese serow.
Adult Japanese serows in the study area showed a high degree of site fidelity, living in territories for 11.7-12.4 years. Both female and male serows established territories at 2-5 years of age after dispersal from natal areas (Kishimoto 1987; Ochiai 1983a) . Maximum longevity was 21-22 years for females and 20-21 years for males, and life expectancies at birth were 4.8-5.1 years for females and 5.3-5.5 years for males (Miura 1986a; Tokida and Miura 1988) . Consequently, most adult serows appear to survive their lives in the territory they establish after natal dispersal. We observed no sex-based difference in the duration of territory retention. In the Japanese serow, there is little sex-based difference in body size and growth pattern (Miura 1986b) , survival curve pattern (Miura 1986a; Tokida and Miura 1988) , or food habits (Suzuki and Takatsuki 1986) . These features are typical of monogamous ungulates inhabiting forests. Kishimoto and Kawamichi (1996) , however, found that males held territories for shorter periods than females: 21.9% of 32 males continued to maintain territories for 4-7 years, as opposed to 54.2% of 24 females. The ratio of adult females to males was higher in their study area (1:1.05) than in ours (1:0.70). The duration of territory retention by males may be affected by extent of competition for mates.
